An eddy current testing (ECT) coil system including a double-D coil as a pickup coil and a ring coil as an axisymmetric excitation coil was modeled. (Despite the frequent use of a double-D coil in ECT probes as an excitation coil, we employed it as a pickup coil). A double-D coil made from two semicircular wires connected in counter-series was placed within a ring coil in such a way that the coils were coaxial and co-planar. The structure of the coil system makes it insensitive, in principle, to a magnetic field with an axisymmetric distribution and sensitive to any unbalanced field. The method presented here is based on the numerical calculation of the well-known expression for the vector potential due to a ring coil, developed by Dodd and Deeds. Using this method, the induced voltage in the double-D coil due to flaw-eddy current interaction was numerically evaluated on numerous grids placed over the surface of an aluminum plate. In this way we plotted the measured voltage versus the radial distance between the centers of the probe and the flaw. By investigating the plot we can characterize the flaw. The experimental results agree very well with the results of numerical calculation.
Introduction
Eddy-current nondestructive testing (ECT) has been used for many years to detect flaws in metals. An ECT probe should be sensitive and selective to a hidden flaw, and is therefore one of the most important parts of an ECT system. A double-D coil has interesting characteristics as regards its sensitivity and selectivity. This coil is simply made from two semicircular wires connected in counter-series. Because of its symmetrical design, any field that is axis-symmetric has in principle no effect on this coil. This leads us to an ECT coil system consisting of a ring coil as an excitation coil and a double-D coil as a pickup. In this case, the double-D pickup coil should be placed inside the excitation ring coil coaxially and in the same plane. Another feature of this coil system is that when there is no flaw in the metal coupled to the ECT coil system, its output becomes null in principle, which provides us with a highly sensitive system. The secondary magnetic field due to flaw-eddy current interaction can be picked up by the double-D coil.
Although there have been many studies of ECT based on the use of a double-D coil e.g., [1] [2] [3] , it has mostly been used as an excitation coil, and the studies have generally reported experimental modeling and its results.
We have developed a numerical method for calculating the response of a flaw to our probe system, which includes an axisymmetric excitation and a double-D pickup coil. This method provides quantitative understanding of the testing process for the probe system, and helps to characterize the hidden flaw. The method is based on the Dodd and Deeds [4] expression for calculating induced eddy currents and the secondary magnetic field resulting from the eddy current-flaw interaction.
The experimental results confirmed the validity of our method and showed the feasibility of using the probe to detect flaws. We can determine the theoretical limit for given parameters of the testing coil values. The model developed in this paper can be also useful for understanding the ECT systems consisting of a double-D excitation coil and a magnetometer, which are often employed with SQUID magnetometers [1] [2] [3] .
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Exciting coil and eddy current distribution
As a first step, the eddy current distribution in a flawless plate due to an ac normal magnetic field produced by an exciting ring coil was numerically calculated. We used the integral expression developed by Dodd and Deeds [4] describing the vector potential for an axisymmetric excitation, as can be seen in Fig. 1 . The integral, whose details can be found in [4] , should be evaluated numerically for a given set of parameters such as the conductivity, frequency, and geometry, to obtain the eddy current distribution. We considered many grid points on a line parallel to the surface of the plate and 1.5 mm below the surface (see Fig. 1 ), and calculated the integral for each grid points (see Fig. 2 ). In this calculation we considered an exciting ring coil with a radius of 6.5 mm, and a 5-mm-thick aluminum plate with a conductivity of S/m. A sinusoidal current with a frequency of 2 kHz and amplitude of 1 ampere was considered. Figure 2 also shows that the eddy current distribution is zero directly below the center of the excitation ring coil and has a maximum below the circumference of the ring coil.
Flaw-eddy current interaction
The second step includes investigation of eddy current interaction with a small flaw. An eddy current has to change its path when it encounters a flaw. Hence we can replace the flaw with a pair of imaginary circular currents and calculate the vector potential field produced by these two circular currents, which we call a secondary field (see Fig. 3 ).
The analytical expression for the secondary magnetic field due to each of the imaginary circular currents is given by the following formula for the vector potential A(r, z) out of the plate:
Here, is a coefficient that can be calculated by using the following expression:
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where I is the current, l is the depth of the flaw, r0 is the radius of the circular current, c is the plate thickness, J1( r0) is the first-order Bessel function, is the integration variable, and z is the double-D pickup coil lift-off. In other words, the secondary field is a resultant of the interaction of flaw-eddy currents. Since we can evaluate it numerically by using the above formula, the flaw can be characterized quantitatively. Figure 4 shows the configuration in which an imaginary current placed within a plate produces a magnetic field out of the plate. For the voltage induced in a length of wire we have:
Induced voltage
Since we supposed that a flaw can be replaced by two imaginary circular currents, we can simply extend the above formula to calculate the magnetic field produced by them. Thanks to the above expression, we can use different types of pickup coils to sense the secondary magnetic field and find the flaw position. Further explanation of the numerical calculation of secondary fields can be found in [5] . Fig. 3 . The idea of replacing a flaw by a pair of circular currents is used to obtain the secondary magnetic field.
A(r, z)
Secondary field In a series of studies [1] [2] [3] , a double-D coil was employed as exciting coil, in our study; however, it was used as a pickup coil. A double-D coil, which is simply made from two semicircular wires connected in counter-series, is placed so that it is coplanar and coaxial with the exciting ring coil within which it is contained, as can be seen in Fig. 5 . The relative configuration of the testing coils is symmetrical, and therefore the pickup coil can not be affected by the exciting ring coil even if it is placed over a flawless conductor plate.
On the other hand, if there is a flaw in the plate, the secondary field due to the flaw-eddy current interaction can cause an unbalanced flux leakage to the double-D normal to the diameter of a semicircle in the double-D coil. For a long flaw, the diameter of the semicircle should not be vertical to the flaw, because in this case it is not possible to detect it. Of course, it is possible to detect the end points of a long crack.
We calculated the induced voltage coil. In the proposed method, the scanning direction is to the pickup coil d ed v l d
Wire r ue to the pair of circular currents, one of which can be seen in Fig. 6 , and extended it to the pair of circular currents on numerous grid points on a line parallel to the surface of the plate and 2 mm above the surface.
The following analytical expressions for the induc oltage in the double-D coil are used for the numerical calculation:ˆ(
he important parameter which had to be defined at th
Experimental Result
Using four flawless 1-mm-thick aluminum plates ea by 1 mm s cu T is step was the diameter of the imaginary loops. Since we supposed a 1 mm by 1 mm square flaw placed 1.5 mm beneath the surface of the plate, we replaced it with two imaginary ring coils with a radius of 0.8 mm, which was chosen after a preliminary trial. The result of numerical calculation of the eddy current amplitude (see Fig. 1 ) was used for the imaginary circular currents. In the calculation we considered a double-D coil with 2 mm liftoff and a 6 mm radius. The resulting induced voltage in the pickup coil is denoted by the solid line in S/m, and another such plate with a 1 mm quare hole, stacked tightly as shown in Fig. 8 , we made a 5-mm-thick plate with a flaw 1 mm beneath the surface.
A lock-in amplifier was used to produce a 2 kHz input rrent to the exciting ring coil, whose radius was 6.5 mm, and to measure the output signal from the double-D pickup coil. The results of measuring the induced voltage can be seen in Fig. 7 . 
Discussion
Various types of sensor can be used as a pickup coil. We proposed a probe including a double-D pickup coil and calculated numerically the voltage induced on it due to the secondary field. In this way, we modeled the response of a hidden flaw to an axisymmetric excitation probed by a double-D coil. The final result of this method can be seen in Fig. 7 , where it is compared with the experimental result. Both show the same pattern, which is a very good verification of the method. As can be predicted from Fig. 7 , when the radial distance between the probe center and the flaw is about 6 mm, the induced voltage has a maximum and since we used a 6 mm radius probe, it means that the flaw is located beneath the circumference of the probe, as shown in Fig.  8 .
The results also show the validity of the idea of replacing a flaw-eddy current interaction with an imaginary pair of circular currents flowing in opposite directions. We are now improving the method in order to obtain a better result.
The limitation of detection depends on the signal-to-noise ratio of the electronic system that we used. The lock-in amplifier used in the experiment has a signal-to-noise ratio of 6nV/ Hz at 1 kHz. The signal which we detected is about 5 v, which means that we would be able to detect a small flaw that produced a signal with a size about 0.001 of the signal that we detected.
The effects of other physical quantities such as the current amplitude of the imaginary pairs will be investigated in further studies. 
